Chromosome pairing at prophase I of meiosis was orderly in the common shrew. The frequency of univalance was low and nonhomologous pairing between bivalents or involving the sex trivalent (XY1Y2) was absent. The true X and V chromosomes were attached in an end-to-end configuration. In "simple" Robertsonian heterozygotes autosomal trivalents were formed. Most of these (64 per cent) exhibited straight pairing. Otherwise, side arms were formed from the centromeric regions of the acrocentrics which were almost invariably in a cis orientation and usually paired with each other.
NTROD U CTI ON
The pattern of karyotypic variation and evolution in the common shrew (Sorex araneus) has attracted much interest (reviewed in Searle, 1988a) . The major class of structural mutation in the recent history of this species has been the Robertsonian (centric) usion, in which a pair of acrocentric chromosomes join at their centromeres to form a single metacentric chromosome. The complement of such metacentric chromosomes differs between the large number of karyotypic races of the common shrew and polymorphism (within-population variation) has been demonstrated in many localities, particularly in the vicinity of interracial hybrid zones. Here, Robertsonian heterozygotes are found, often at high frequency (e.g., Searle, 1986a ). These have karyotypes in which particular chromosome arms are found in both an acrocentric and a metacentric state ("simple" Robertsonian heterozygotes) or as part of two different metacentrics ("complex" Robertsonian heterozygotes).
Karyotypic heterozygosity is well-known to be associated with disruption of meiosis. Meiotic
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aberrations associated with Robertsonian heterozygosity can lead to impaired fertility in mammals, as has been demonstrated most clearly in the house mouse (Gropp and Winking, 1981; Redi and Capanna, 1988; Searle, 1988b) . In particular, there may be either a failure of homologues to disjoin correctly at anaphase I resulting in unbalanced gametes (Ford, 1972) , or a more generalised atresia of meiocytes (recent reviews: Burgoyne and Baker, 1984; Richler et a!., 1989 To date, meiotic studies in the common shrew have concentrated on the stages of diakinesis, metaphase I and metaphase II (Sharman, 1956; Meylan, 1964; Fredga, 1970; Halkka et a!., 1974; Fedyk, 1980; Searle, 1986b) but in view of the link between chromosome pairing, nondisjunction and germ cell death, it was considered important to examine earlier meiotic stages when pairing occurs.
During prophase I of meiosis, homologous chromosomes are held in register by a synaptonemal complex (SC) which forms at zygotene, persists throughout pachytene and accurately represents the synaptic behaviour of the chromosomes (Moses, 1977; Moses et aL, 1979; Jones and Wallace, 1980) . The SC complement can be displayed by surface-spreading to allow analysis by light or electron microscopy (Hultén et a!., 1985) . In this study we used a silver staining protocol to visualise the SCs by light microscopy. While this did not allow observations as detailed as can be obtained by electron microscopy, it permitted us to score large numbers of cells (252) The animals were collected from the vicinity of the city of Oxford (U.K.) in an area of Robertsonian polymorphism associated with the zone of hybridisation between the Oxford karyotypic race to the north and the Hermitage karyotypic race to the south (Searle, 1986a; 1988a) .
In this paper we follow the nomenclature used by Searle (1986a) for the description of common shrew karyotypes. The arms of the autosomes are designated a-u, a being the largest and u the smallest. In the individuals studied, metacentric chromosomes af, bc, hi, gm, ji and tu were invariant. Chromosome arms k, n, o, p, q and r displayed polymorphism and occurred combined as metacentrics kq, no or pr (which characterise the Oxford race) or ko (Hermitage race) in a homozygous (M) or heterozygous (H) state or alternatively as acrocentrics (A). Homozygotes, ranging from individuals with a fully metacentric karyotype to individuals maximally acrocentric, and "simple" heterozygotes for 1, 2 or 3 arm combinations, were analysed (table 1). In simple Robertsonian heterozygotes, a metacentric is expected to pair with two homologous acrocentrics at zygotene/pachytene to form a heteromorphic trivalent configuration. Certainly, regular trivalents are observed at diakinesis/metaphase I in such individuals (Searle, 1986b) .
The sex chromosome complement of common shrews is unusual. The true X chromosome has been joined by Robertsonian fusion onto an autosome (Searle, 1983) . Therefore, male shrews have an XY1Y2 sex chromosome constitution where Yl is the true Y and Y2 the unattached autosome (Sharman, 1956; Fredga, 1970) .
During zygotene/pachytene these are expected to form a sex trivalent; such a configuration is recorded at diakinesis/metaphase I (Searle, 1986b) . March and mid May 1988, at the peak of the breeding season. In every animal, histology of the left testis was normal and the weight of the combined testes exceeded 50 mg. On these criteria alone, all may be considered to have been fertile (Brambell, 1935) .
After capture, the animals were maintained in individual cages with natural illumination for up to 11 days and killed by cervical dislocation. The karyotype was determined from G-banded bone marrow preparations (Searle, 1986a) . The right testis of each animal was used for surfacespreading by a modified method of Hultén et a!. (1985) , as follows: One drop of a spermatocyte suspension was added to two drops of a spreading medium (either the detergents 003 per cent "Joy" or 002 per cent "Lipsol" both buffered with 0.01 M sodium tetraborate pH 85, or an unbuffered solution of 02 M sucrose) on a greasefree microscope slide. After six minutes the cells were fixed by adding five drops of 4 per cent paraformaldehyde buffered with 02 M sodium tetraborate pH 85 (Moses, 1977) and dried on a hot plate, at 34°C, for at least 1 hr. Following fixation, slides were washed in distilled water, air dried and stained with 50 per cent silver nitrate in 004 per cent formalin by the method of Kodama et a!. (1980) .
RESULTS
For each of the ten shrews studied, the number of SCs observed in pachytene cells was as expected from the G-band karyotype (table 1) . Pairing was complete in most cells (figs 1 and 2) and where there was incomplete pairing it was confined to one or a few configurations within a cell. Differences in the overall characteristics of the 252 pachytene cells scored were, in general, of a minor nature and it was not possible to allocate cells into specific substages of pachytene.
The XY1Y2 sex trivalent was usually identifiable by size and a "wavy" or "hooked" appearance. It exhibited straight pairing with no obvious XY1 pairing segment (figs 1 and 2); our interpretation of the pattern of pairing is given in fig. 3(c) . Despite the presumptive lateral pairing of the Y2 chromosome and autosomal part of the X, in contrast to unpaired regions of the true-X segment and the Yl chromosome, no differentiation along the sex trivalent was observed. Excrescences, indicative of unpaired regions (Johannisson et a!., 1983) were associated with the sex trivalent in 44 per cent of cells examined ( fig. 1) .
Nucleolar organiser regions (NORs) could be localised from the nearby presence of darkly staining nucleolar material (figs 1 and 2). NORs were present near the distal ends of chromosome arms o, q, t and u (identified by (SC) lengths and centromere positions) in general agreement with the positions noted by Ag-NOR staining of mitoses (Olert and Schmid, 1978; Halkka and Söderlund, 1987) and the positions of mitotic secondary constrictions (Searle, 1983) . The amount of nucleolar material varied between individuals from very little in shrew 2068 to an abundance dispersed over the whole nucleus as well as at the NORs of the bivalents in shrew 2106.
Univalents were present in 11 cells (4.4 per cent of the total). Three of these cells apparently had an univalent Yl, six cells had an additional autosomal element, one cell had two additional autosomal elements and one cell had both a univalent Yl and an additional autosomal element. In two instances, single univalents could have resulted from a pairing aberration of an autosomal trivalent. Univalence involved the smaller autosomes but was not confined to a specific configuration. There was no indication that univalence was more prevalent in heterozygotes than in homozygotes or that the degree of heterozygosity affected the degree of univalence. The highest incidence of univalence was in a homozygous individual (2089: Among the Robertsonian heterozygotes screened, there were shrews in which one, two or three autosomal trivalents were expected (table 2) . The majority of trivalents exhibited straight pairing (64 per cent), such that no side arm was visible '.. • I... (figs 2(a) and 3(a)). In the next most common condition (28 per cent of trivalents) there was a single, exceedingly small side arm (figs 2(b) and 3(b)). This probably represented the centromeric regions of the two acrocentric chromosomes in cis configuration and paired with each other. In some cases these centrometric regions were unpaired, but still in the cis configuration (7 per cent of trivalents). Only very rarely were two unpaired short arms observed in the trans configuration (1 per cent of trivalents); It has been suggested that the cis configuration favours correct disjunction (Moses et a!., 1979) . However, the distinction between cis and trans configurations of unpaired regions could be an artifact of spreading.
DISCUSSION
Our analysis of SCs shows that chromosome synapsis is normally complete in shrew spermatocytes and that there is no tendency for partial pairing of autosomes or nonhomologous pairing between configurations. However, there was a degree of univalence, with the incidence at pachytene (436 per cent of cells over all ten individuals) remarkably similar to that found at diakinesis/metaphase I (4.39 per cent: Searle, 1986b ). This suggests that rather more univalence is the result of asynapsis or desynapsis during pachytene than suggested previously (Searle, 1986b) . A greater proportion of this univalence could be attributed to univalence of the Yl at diakinesis/metaphase I (55-68 per cent) than at pachytene (31 per cent). No individual was found with an exceptionally high incidence of univalence and the highest (13 per cent of cells) in an individual at pachytene was similar to that (18 per cent) found previously at diakinesis/metaphase I (Searle, 1986b) . There is no evidence of an association between the karyotype of an individual and the degree of univalence at pachytene.
The features of pairing of the autosomal trivalent in simple Robertsonian heterozygotes were very regular in the common shrew. For the majority of trivalents, there was complete synapsis between the acrocentrics and metacentric. This suggests that each acrocentric corresponds almost exactly to one arm of the metacentric, as is also indicated by G-band studies of mitotic chromosomes (Halkka et a!., 1974; Olert and Schmid, 1978) . However, due to the possible occurrence of nonhomologous pairing, the close pairing does not necessarily mean absolute homology of the metacentric with the acrocentrics. In some trivalents the centromeric regions of the acrocentric do apparently pair nonhomologously to form a minute side-arm.
Occasionally, the centromeric regions of acrocentrics and metacentrics were observed to be unpaired on the trivalent. By analogy with other species (e.g., cattle: Switoñski et a!., 1987), this probably reflects late pairing rather than a complete absence of pairing. Unpaired regions of autosomes may lead to germ cell death, perhaps by interaction with the sex chromosomes in the male (Burgoyne and Baker, 1984; Richler et a!., 1989) . Certainly, there was no indication of association of autosomal trivalent and sex chromosomes in common shrew spermatocytes in contrast with Robertsonian trivalents in mouse (de Boer, 1986 ) and man (Rosenmann et a!., 1985) , in which male simple Robertsonian heterozygotes may suffer substantial germ cell death. Nor do common shrews that are simple Robertsonian heterozygotes suffer such germ cell losses (Garagna et a!., 1989) .
The complete synapsis of metacentric and two acrocentrics as is usual in pachytene trivalents of Robertsonian heterozygous common shrews, is not general to other species. Some trivalents in cattle exhibit straight pairing (Switoñski eta!., 1987), but pachytene trivalents in Robertsonian heterozygotes of man, mouse, lemur, cotton rats and the rodent Ellobius have distinct side arms formed by synapsis of the centromeric regions of the acrocentrics (Rosenmann eta!., 1985; Gropp and Winking, 1981; Moses et a!., 1979; Elder and Pathak, 1980; Bogdanov eta!., 1986) . In some instances, this may reflect nonhomologous pairing in response to obvious structural differences in the centromeric region between the metacentric and acrocentrics, e.g., in man (Gosden et a!., 1981) . However, in the mouse, there is no detectable difference in DNA content between the metacentric and homologous acrocentrics in Robertsonian heterozygotes (Coming and Avelino, 1972; Redi et a!., 1986) . Also, in the cotton rat there are very clear side arms (that persist until diplotene) on Robertsonian trivalents, but no G-band or C-band differences between the metacentric and homologous acrocentrics (Elder and Pathak, 1980) . Why there should be side arms in Robertsonian trivalents of the mouse and cotton rat is unknown. In the mouse there may be earlier pairing between the centromeric ends of the acrocentrics than between other parts of the centromeric region (H. Winking, personal communication) and this event (perhaps reflecting underlying sequence homology) could initiate substantial nonhomologous pairing. Alternatively, the nonhomologous pairing may reflect real, albeit small, structural differences between the acrocentrics and metacentrics (recent evidence in the mouse does suggest that metacentrics have only one centromere: Wolf and Winking, 1989) .
As with the autosomal trivalents, the sex trivalent in shrew spermatocytes apparently pairs in a generally orderly fashion. The synapsis between the X chromosome (i.e., the X-autosome fusion) and Y2 (ie., the unattached autosome) is complete and the Yl (i.e., the true Y) shows an
